All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Immunotherapy for cancer has made considerable progress due to improved efficacy in chemotherapy-refractory blood and solid tumors from patients. Clinical trials using immunotherapy have been successful in the treatment of malignant tumors by blocking immune cell inhibitory signals or by redirecting T cells to target cancer cells \[[@pone.0198347.ref001]\]. In adoptive T cell immunotherapy for cancer, T cells isolated from a patient are manipulated and expanded in vitro, and then reinfused into the patient \[[@pone.0198347.ref002]\]. One of the main types of adoptive T cell immunotherapy is the use of chimeric antigen receptor (CAR) T cells. T cells are reintroduced into a patient after conversion from the patient's T cells to CAR T cells that express the engineered receptor specific for a cancer target through a retrovirus or lentivirus, leading to effective anticancer activity \[[@pone.0198347.ref003]\]. CAR consist of a combination of target recognition and T cell activation regions. The target recognition region is typically derived from a single-chain variable fragment (scFv) of an antibody and T cell activation regions are composed of one or more intracellular signaling domains that induce persistence and effector functions in T cells \[[@pone.0198347.ref004]\]. CAR T cells exhibit cytotoxic effects against target cells by recognizing specific antigens on the surface of target cells in a major histocompatibility complex (MHC) independent manner. CAR T cell immunotherapy has been developed for two decades, beginning with first-generation CARs that combined scFv of antibodies with FcR γ or CD3ζ chains. Second and third-generation CARs were developed to have one or more costimulatory domains, such as CD28, CD137 (4-1BB), ICOS, and OX40 \[[@pone.0198347.ref005]\]. In addition, several types of CARs targeting different antigens have been constructed and their effectiveness has been verified in clinical trials \[[@pone.0198347.ref006]\].

While this strategy is highly effective against blood cancers, clinical application for solid cancer has lacked efficacy. Additional factors for solid tumors require consideration, including disease status, tumor burden, CAR T cell infiltration, and the recruitment and activation of other immune responses, such as inflammation and immunosuppression \[[@pone.0198347.ref007]\]. Although the therapeutic efficacy of all types of CAR T cells has not been elucidated, an important issue is the choice of a target antigen. These targets include epidermal growth factor receptor (EGFR), carcinoembryonic antigen (CEA), human epidermal growth factor receptor 2 (HER2), and mesothelin (MSLN) all of which are currently being investigated in clinical trials \[[@pone.0198347.ref008]\].

Folate receptor 1 (FOLR1), also known as folate receptor alpha and folate binding protein, is a glycosylphosphatidylinositol-linked protein. Although the function of FOLR1 is unclear, FOLR1 has a high affinity for folate and is capable of internalizing folate \[[@pone.0198347.ref009]\]. FOLR1 is found to be overexpressed in various epithelial malignancies including ovarian, breast, renal, and lung cancers \[[@pone.0198347.ref010]\]. FOLR1 in normal tissues is expressed only on the apical surfaces of polarized epithelial cells and is not exposed to the bloodstream. These properties show that FOLR1 is an attractive candidate as a target for cancer therapy.

Gastric cancer is one of the most malignant cancers, with an especially high incidence in East Asia \[[@pone.0198347.ref011]\]. Although gastric cancer therapies have been continuously developed, many patients experience tumor recurrence and metastasis. Chemotherapy is the main treatment for gastric cancer, but it is less efficient and has systemic toxicity because of its nonspecific antitumor effects. FOLR1 can be a key immunotherapy target against gastric cancer because more than one-third of patients with gastric cancer have FOLR1 expression \[[@pone.0198347.ref012]\]. A clinical study using FOLR1-CAR T cells in patients with ovarian cancer showed that the FOLR1-CAR approach performed well with respect to safety \[[@pone.0198347.ref013]\]. These data suggest that FOLR1 can be a suitable target for CAR T cell immunotherapy in gastric cancer. In this study, we designed FOLR1-CAR composed of anti-FOLR1 scFv, CD28 and CD3ζ and evaluated the antitumor activity of CAR-mediated T cells against FOLR1 positive and negative gastric cancer cells.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

Human peripheral blood mononuclear cells (PBMCs) were obtained from three healthy donors who provided written informed consent according to protocols approved by Korea National Institute for Bioethics Policy Institutional Review Board (approval no. P01-201607-31-003). NOD-SCID IL2R γ null (NSG) mice were obtained from Charles River Laboratories Japan, Inc. All of the procedures were approved by the Laboratory Animal Care and Use Committee of the Korea Research Institute of Chemical Technology and were conducted in accordance with the Institute for Laboratory Animal Research Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize animal suffering.

Cell culture {#sec004}
------------

K562, Jurkat, MKN1, SNU216, SNU601, and SNU668 cells were obtained from the Korean Cell Line Bank. KHYG-1 cells were purchased from DSMZ (Germany). MKN7 and GCIY cells were purchased from RIKEN BioResource Center (Japan). RPMI-1640 and fetal bovine serum (FBS) were purchased from Hyclone (USA). All cells were maintained in RPMI-1640 supplemented with 10% FBS in a humidified incubator at 37°C with 5% CO~2~. PBMCs from healthy donors were expanded with Dynabeads Human T-Activator CD3/CD28 (Cat. \#111.31D, Thermo Fisher Scientific, USA) for 2 weeks to obtain primary T cells. KHYG-1 cells and T cells were supplemented with 200 IU/ml and 500 IU/ml of human IL-2 (Cat. 202-IL, R&D systems, USA), respectively, in the culture medium.

Cell transfection and infection {#sec005}
-------------------------------

The FOLR1-CAR DNA, which contained the scFv of the FOLR1 antibody, CD28, and CD3ζ, was synthesized from Macrogen (Korea). Lentiviral expression vectors, including pLVX-Puro (Cat. \#632164) and pLVX-IRES-ZsGreen1 (Cat. \#632187), were obtained from Clontech (USA). Lentiviral packaging plasmids, including pMDLg/pRRE (Cat. \#12251), pRSV-Rev (Cat. \#12253), and pMD2.G (Cat. \#12259), were purchased from Addgene (USA). The FOLR1-CAR DNA was inserted into the pLVX-puro and pLVX-IRES-ZsGreen vectors. Jurkat and human T cells were transfected with FOLR1-CAR vectors using the Neon Transfection System (Thermo Fisher Scientific, USA) according to the manufacturer's instructions. The 293T cells were transfected with the following vectors: FOLR1-CAR, pMDLg/pRRE, pRSV-Rev, and pMD2.G for the production of lentivirus. After 48 h, the culture medium was harvested and centrifuged at 500 x g for 5 min. The centrifuged supernatant was passed through a 0.45-μm filter and concentrated using the Lenti-X Concentrator (Clontech, USA). KHYG-1 cells were incubated with lentivirus for 48 h and then the culture medium was replaced. Cells were selected for 2 weeks with puromycin (Sigma-Aldrich, USA) at a concentration of 2 μg/ml.

Enzyme-linked immunosorbent assay (ELISA) {#sec006}
-----------------------------------------

Jurkat cells and human T cells (2×10^5^) were co-cultured with target cells at an effector-target (E/T) ratio of 10:1 for 24 h and 4 h, respectively. Supernatants of the co-cultured cells were harvested and evaluated cytokine levels, including IL-2, IFN-γ, TNF-α, and GM-CSF, using ELISA kits (Biolegend, USA). Granzyme B was measured by ELISA kits (R&D systems, Cat. \#DY2906-05). All cytokines were performed according to the operating manuals.

Western blot assay {#sec007}
------------------

For western blotting, samples were harvested in RIPA buffer, separated via 10% SDS-PAGE, and then transferred to a nitrocellulose membrane. The membrane was incubated with the antibodies and detected by ECL reagent (Cat. \#32209, Thermo Fisher Scientific, USA). The images were analyzed using the LAS-3000 Imager and Image Lab software. Densitometry of western blot bands was performed using ImageJ. Antibody information is provided in [S1 Table](#pone.0198347.s003){ref-type="supplementary-material"}.

Imaging flow cytometry assay {#sec008}
----------------------------

Approximately 2×10^5^ cells were washed with PBS and resuspended in cold PBS supplemented with 10% FBS and 0.02% sodium azide. One μg of primary antibody was added and the cells were incubated for 30 min on ice. After washing with PBS, 1 μg of secondary antibody was added and the cells were incubated for 30 min on ice. Cells were washed with PBS and resuspended in 100 μl of Hoechst 33342 (Cat. \#H3570, Thermo Fisher Scientific, USA) or DAPI (Cat. \#D3571, Thermo Fisher Scientific, USA) counterstaining solution and incubated for 15 min at 37°C. Cells were analyzed using the NucleoCounter NC-3000 (ChemoMetec, Denmark) and data were acquired by NucleoView NC-3000 software. Antibody information is provided in [S1 Table](#pone.0198347.s003){ref-type="supplementary-material"}.

Cell cytotoxic assay {#sec009}
--------------------

KHYG-1 cells or human T cells were co-cultured with target cells (2×10^4^) transfected with the luciferase gene (Cat. \#E1310, Promega, USA) at indicated E/T ratios for 4 h. Luciferase activity was detected by the Bright-Glo Luciferase Assay System (Promega, USA). The luciferase reagent was added to each well at a volume equal to the cell culture medium. The plates were shaken for 5 min to lyse the cells. Luminescence was measured on an EnVision reader (PerkinElmer, USA). To investigate the cytotoxicity pathway, 100 μM of Z-AAD-CMK (Cat. \#BML-P165-0001, Enzo Life Sciences, USA) or 0.1 μg/ml of neutralization antibodies, anti-hFas ligand (Cat. \#MAB126, R&D systems, USA) and anti-hTNF-α (Cat. \#AF-210, R&D systems, USA), were added to the co-cultured cells.

T cell proliferation assay {#sec010}
--------------------------

T cells (1×10^4^) were seeded in 96-well plates and incubated at 37°C with 5% CO~2~. An equal volume of CellTiter-Glo (Promega, USA) was added to each well and plates were incubated on a shaker at room temperature for 10 min. Luminescence was measured at intervals of 2 to 3 days using an EnVision reader (PerkinElmer).

Xenograft studies {#sec011}
-----------------

Six- to eight-week-old female NOD-SCID IL2R γ null (NSG) mice were obtained from Charles River Laboratories Japan, Inc. MKN1 cells (1×10^7^ cells/mouse) were subcutaneously injected into the right flank. Ten mice with tumor sizes reaching an average volume of approximately 100 mm^3^ were randomly divided into two groups (n = 5). On days 0 and 7, mice were treated with an intratumoral injection of mock or FOLR1-CAR KHYG-1 cells (1×10^7^ cells/mouse). Tumors were measured at intervals of 2 to 4 days using calipers, and the volume was calculated using the formula: volume = length × width^2^ × 0.5. The body weight of the mice was measured when the tumor volume was measured.

Statistical analysis {#sec012}
--------------------

All results are reported as the mean ± standard deviation (SD), and were analyzed using Prism 5.0 (GraphPad Software). Statistical comparison between two groups was analyzed using the two-sided unpaired Student's t test. Statistical significance is indicated as follows: \*P \< 0.05, \*\*P \< 0.01, and \*\*\*P \< 0.001.

Results {#sec013}
=======

Identification and specific activity of a FOLR1-targeted CAR construct {#sec014}
----------------------------------------------------------------------

We constructed a second-generation CAR vector expressing a fusion protein composed of a single-chain variable fragment (scFv) of FOLR1 antibody and signaling domains consisting of CD28 and CD3ζ ([Fig 1A](#pone.0198347.g001){ref-type="fig"}). Jurkat cells, a CD4-positive T cell line, are commonly used to study T cell receptor (TCR) signaling because they secrete IL-2 when activated. To verify the specific activity of FOLR1-CAR against FOLR1 expressing cells, we transfected the CAR construct into Jurkat cells and transfected the FOLR1 gene into the FOLR1-negative cell line, K562 ([Fig 1B](#pone.0198347.g001){ref-type="fig"}). In western blot analysis, endogenous CD3ζ was detected at 19 kDa, but CD3ζ was detected at about 53 kDa in our FOLR1-CAR construct-positive cells. Jurkat cells that were mock-transfected or transfected with the FOLR1-CAR gene were co-cultured with K562 cells that were either mock-transfected or transfected with the FOLR1 gene at an effector-target (E/T) ratio of 10:1 for 24 h. Secretion of the cytokine IL-2 was measured in order to determine whether or not there was activation. Levels of IL-2 were significantly increased when FOLR1-CAR Jurkat cells were co-cultured with FOLR1-transfected K562 cells compared to when co-cultured with mock-transfected K562 cells ([Fig 1C](#pone.0198347.g001){ref-type="fig"}). To determine whether the FOLR1-CAR Jurkat cells specifically recognize the FOLR1-positive cells, we used KB cells which are one of the subline of HeLa cells (keratin forming tumor cell line HeLa) and are commonly used in FOLR1 studies. When FOLR1 expression was measured using fluorescence-activated cell sorting (FACS), KB cells strongly expressed FOLR1 ([Fig 1D](#pone.0198347.g001){ref-type="fig"}). The transfected Jurkat cells were co-cultured with KB cells at an E/T ratio of 10:1 for 24 h. FOLR1-CAR Jurkat cells secreted significantly higher levels of IL-2 when co-cultured with KB cells ([Fig 1E](#pone.0198347.g001){ref-type="fig"}). These results indicate that our FOLR1-CAR can recognize FOLR1 on the cell surface and functions well against cells expressing FOLR1.

![Schematic representation of the FOLR1-CAR construct and the specific activity against target cells expressing FOLR1.\
(A) A FOLR1-CAR gene consisting of a FOLR1-specific scFv, CD28 and CD3ζ was constructed. (B) The FOLR1-CAR vector was transfected into Jurkat cells, and the Myc tagged FOLR1 gene was transfected into K562 cells. FOLR1-CAR and FOLR1-Myc tag vectors were measured by western blot using CD3ζ and myc antibody, respectively. (C) FOLR1-CAR Jurkat cells were co-cultured with transfected K562 cells at an effector-target (E/T) ratio of 10:1 for 24 h. The levels of IL-2 were measured by enzyme-linked immunosorbent assay (ELISA). (D−E) The specific activity of Jurkat cells transfected with the FOLR-CAR vector was analyzed by co-culture with FOLR1-positive KB cells. (D) Expression of FOLR1 in KB cells was measured using FACS. (E) The levels of IL-2 secreted by FOLR1-CAR Jurkat cells were measured by ELISA after co-cultured with KB cells at an E/T ratio of 10:1 for 24 h. Experiments were repeated at least three times with similar results. The data are represented as the mean cytokine concentrations ± SD (pg/ml) from triplicate cultures. Statistical analysis was performed using the two-sided unpaired Student's t test (\*\*\*P\<0.001).](pone.0198347.g001){#pone.0198347.g001}

FOLR1-CAR Jurkat cells were specifically activated by FOLR1-positive gastric cancer cells {#sec015}
-----------------------------------------------------------------------------------------

To evaluate the effect of FOLR1-CAR against gastric cancer (GC) cells, we divided them into FOLR1-positive and FOLR1-negative cells. FACS was used to assess surface expression of FOLR1 in a series of human GC cells. FOLR1-positive cells were MKN1, MKN7, SNU484, and GCIY ([Fig 2A](#pone.0198347.g002){ref-type="fig"}), while FOLR1-negative cells were SNU216, SNU601, SNU638, and SNU668 ([Fig 2B](#pone.0198347.g002){ref-type="fig"}). To determine the specific activity of FOLR1-CAR Jurkat cells against FOLR1-positive or FOLR1-negative GC cells, transfected Jurkat cells were co-cultured with GC cells at an E/T ratio of 10:1 for 24 h. The levels of IL-2 were significantly elevated when FOLR1-CAR Jurkat cells were co-cultured with FOLR1-positive cells (MKN1, MKN7, SNU484, and GCIY) ([Fig 2C](#pone.0198347.g002){ref-type="fig"}). However, when FOLR1-CAR Jurkat cells were co-cultured with FOLR1-negative GC cells (SNU216, SNU601, SNU638, and SNU668), there was no difference in the levels of IL-2 when comparing to FOLR1-CAR Jurkat cells cultured alone. Taken together, our results suggest that the FOLR1-CAR construct specifically recognized FOLR1-positive GC cells and induced Jurkat cells activation.

![Specific activity of FOLR1-CAR Jurkat cells against FOLR1-positive GC cells.\
FACS was used to measure the surface expression of FOLR1 in a series of human GC cell lines, including MKN1, MKN7, SNU216, SNU484, SNU601, SNU638, SNU668, and GCIY. GC cell lines were separated into (A) FOLR1-positive GC cell lines (MKN1, MKN45, SNU484, and GCIY) and (B) FOLR1-negative GC cell lines (SNU216, SNU601, SNU638 and SNU668) based on the FACS results. (C) GC cell lines were co-cultured with FOLR1-CAR Jurkat cells at E/T ration of 10:1 for 24 h. After incubation, the levels of IL-2 were measured by ELISA. Experiments were repeated at least three times with similar results. The data are represented as the mean cytokine concentrations ± SD (pg/ml) from triplicate cultures. Statistical analysis was performed using the two-sided unpaired t-test and data were compared to FOLR1-CAR Jurkat cells cultured alone (\*\*\*P\<0.001).](pone.0198347.g002){#pone.0198347.g002}

Expression of FOLR1-CAR in KHYG-1, a natural killer cell line, has strong cytotoxic effects against FOLR1-positive GC cells {#sec016}
---------------------------------------------------------------------------------------------------------------------------

To identify FOLR1-CAR function in cytotoxic cells, we used KHYG-1 cells, a natural killer (NK) cell line with strong cytotoxic activity against target cells. KHYG-1 cells were infected with lentivirus expressing FOLR1-CAR or a mock vector and then selected with puromycin for 2 weeks. Stable FOLR1-CAR expression in KHYG-1 cells was measured by western blot analysis ([Fig 3A](#pone.0198347.g003){ref-type="fig"}). The luciferase assay was performed using target cells transfected with the luciferase gene to evaluate the percentage of lytic target cells. K562 cells were either mock or FOLR1 gene co-transfected with the luciferase gene and they were then co-cultured with KHYG-1 cells at an E/T ratio of 10:1 for 4 h. FOLR1-CAR KHYG-1 cells had high cytotoxicity against FOLR1 K562 cells compared to mock-transfected K562 cells ([Fig 3B](#pone.0198347.g003){ref-type="fig"}). In addition, when KHYG-1 cells were co-cultured with KB cells at the indicated E/T ratios for 4 h, FOLR1-CAR KHYG-1 showed higher average killing activity against KB cells compared to mock KHYG-1 cells ([Fig 3C](#pone.0198347.g003){ref-type="fig"}). The cytotoxicity of FOLR1-CAR KHYG-1 cells was increased as the E/T ratio increased and KB cell death was clearly observed at E/T ratio 10:1 ([S1 Fig](#pone.0198347.s001){ref-type="supplementary-material"}). To investigate the cytotoxic effects of FOLR1-CAR KHYG-1 cells against GC cells, KHYG-1 cells were co-cultured with GC cells for 4 h. There was an increase in FOLR1-positive GC cells lysis in the presence of FOLR1-CAR KHYG-1 cells when comparing to cells in the presence of the mock KHYG-1 cells ([Fig 3D](#pone.0198347.g003){ref-type="fig"}). However, FOLR1-CAR KHYG-1 and mock KHYG-1 cells showed similar lytic activity against FOLR1-negative GC cells ([Fig 3E](#pone.0198347.g003){ref-type="fig"}). Hence, we demonstrated that FOLR1-CAR KHYG-1 cells have potent cytotoxic effects against FOLR1-positive GC cells.

![Specific cytotoxicity of FOLR1-CAR KHYG-1 cells against FOLR1-positive cells.\
KHYG-1 cells were infected with lentivirus encoding the FOLR1-CAR or mock vector and were selected with puromycin for 2 weeks. (A) FOLR1-CAR expression was measured by western blot using the CD3ζ antibody in KHYG-1 cells. (B) The cytotoxic effects of KHYG-1 cells on K562 cells transfected with FOLR1 or mock vector were measured by luciferase assay at an E/T ratio of 10:1 for 4 h. (C) The lysis percentages of mock KHYG-1 and FOLR1-CAR KHYG-1 cells against KB cells were determined in a dose-dependent manner for 4 h using the luciferase assay. (D−E) To determine the lysis percentages of FOLR1-CAR KHYG-1 cells against GC cells, mock KHYG-1 and FOLR1-CAR KHYG-1 cells were co-cultured with (D) FOLR1-positive GC cells or (E) FOLR1-negative GC cells at an indicated E/T ratio for 4 h. Experiments were repeated at least three times with similar results. The data are represented as the mean rate of lysis ± SD (%) from triplicate cultures. Statistical analysis was performed using the two-sided unpaired t-test (\*\*\*P\<0.001).](pone.0198347.g003){#pone.0198347.g003}

Expression of the FOLR1-CAR gene in T cells using lentiviral infection {#sec017}
----------------------------------------------------------------------

The results described above indicated specific activity of FOLR1-CAR NK cells against FOLR1-positive GC cells. To investigate the function of FOLR1-CAR T cells against FOLR1-positive cells, T cells were isolated from human peripheral blood mononuclear cells (PBMCs) of three healthy donors. T cells were infected with lentivirus containing FOLR1-CAR-IRES-GFP vector to evaluate the lentivirus infection efficiency. After lentivirus infection, the growth rate of T cells was measured by the CellTiter-Glo assay. The growth rate of infected T cells was not significantly different from that of untransduced T cells for 12 days ([Fig 4A](#pone.0198347.g004){ref-type="fig"}). Lentivirus infection rates were measured by GFP fluorescence in T cells using FACS analysis on day 12. Rates of infection for FOLR1-CAR- and mock-transfection were 70% and 69%, respectively, in infected T cells compared to those in untransduced T cells ([Fig 4B](#pone.0198347.g004){ref-type="fig"}). Additionally, FOLR1-CAR expression in T cells was measured by western blot analysis ([Fig 4C](#pone.0198347.g004){ref-type="fig"}). Using FACS analysis on day 12, we determined that T cells had nearly 100% CD3^+^ expression ([Fig 4D](#pone.0198347.g004){ref-type="fig"}). The T cells consisted mainly of a large population of CD8^+^ T cells and a small population of CD4^+^ T cells. There was no difference between the untransduced and uninfected groups in the T cell populations ([Fig 4E](#pone.0198347.g004){ref-type="fig"}).

![Generation and characterization of FOLR1-CAR T cells.\
T cells were obtained from human PBMCs of three healthy donors and the FOLR1-CAR gene was cloned into the pLVX-IRES-GFP vector and the lentivirus infection efficiency was determined. (A) The growth rate of infected or untransduced T cells was measured by CellTiter-Glo assay for 12 days. (B) Lentivirus infection rate was analyzed by GFP fluorescence on day 12 using FACS analysis. (C) Expression of FOLR1-CAR in T cells was measured by western blot analysis. (D-E) The population of T cells was evaluated by FACS analysis using CD3, CD4, and CD8 antibodies on day 12. Experiments were repeated three times with similar results. The data are represented as the mean of luminescence ± SD and positive rate ± SD (%) from triplicate cultures. Statistical analysis was performed using the two-sided unpaired t-test.](pone.0198347.g004){#pone.0198347.g004}

FOLR1-CAR T cells act specifically towards KB cells and granzyme B is a major factor in target cell death {#sec018}
---------------------------------------------------------------------------------------------------------

To determine whether FOLR1-CAR T cells recognize cells expressing FOLR1, T cells were co-cultured with KB cells at an E/T ratio of 10:1 for 4 h. Compared with mock T cells, FOLR1-CAR T cells secreted significantly higher levels of the proinflammatory cytokines IFN-γ, TNF-α, GM-CSF, and granzyme B against KB cells ([Fig 5A](#pone.0198347.g005){ref-type="fig"}). Furthermore, FOLR1-CAR T cells showed higher average cytotoxicity against KB cells compared to mock T cells ([Fig 5B](#pone.0198347.g005){ref-type="fig"}) and KB cell death was clearly observed ([S2 Fig](#pone.0198347.s002){ref-type="supplementary-material"}). T cell cytotoxicity is mediated by two predominant pathways: (1) secretion of perforin and granzyme B and (2) activation of death receptor signaling via Fas/Fas ligand (FasL) or TNF-α/TNF-R \[[@pone.0198347.ref014]\]. To determine which pathways contributed to KB cell death by FOLR1-CAR T cells, KB cells were co-cultured with mock or FOLR1-CAR T cells in the presence of Z-AAD-CMK, a granzyme B inhibitor, an anti-FasL antibody for blocking the FasL pathway, or an anti-TNF-α antibody for neutralization. After 4 h incubation, Z-AAD-CMK significantly reduced lysis of KB cells in FOLR1-CAR T cells from 65.3% to 21.4% and in mock T cells from 14.7% to 4.5%, while anti-FasL antibody and anti-TNF-α had no effect ([Fig 5C](#pone.0198347.g005){ref-type="fig"}). These data suggest that KB cells are lysed by granzyme B dependent manner.

![Specific activity of FOLR1-CAR T cells against KB cells and analysis of T cell-mediated cytotoxic factors.\
Mock or FOLR1-CAR T cells were co-cultured with KB cells at an E/T ratio of 10:1 for 4 h. (A) The levels of cytokines IFN-γ, TNF-α, GM-CSF, and granzyme B were measured by ELISA and (B) the cytotoxic effects were evaluated by luciferase assay. (C) To determine the factors that induced cell death, FOLR1-CAR T cells were co-cultured with KB cells in the presence of 100 μM of Z-AAD-CMK, 0.1 μg/ml of anti-FasL antibody, and anti-TNF-a antibody. Experiments were repeated at least three times with similar results. The data are represented as the mean cytokine concentrations ± SD (pg/ml) and rate of lysis ± SD (%) from triplicate cultures. Statistical analysis was performed using the two-sided unpaired t-test (\*\*\*P\<0.001).](pone.0198347.g005){#pone.0198347.g005}

FOLR1-CAR T cells are activated by the ZAP70 signaling pathway, similar to the TCR reaction, and induce target cell apoptosis {#sec019}
-----------------------------------------------------------------------------------------------------------------------------

To identify the mechanism underlying FOLR1-CAR T cell activation and KB cell death, T cells were co-cultured with KB cells at an E/T ratio of 10:1 for 4 h. Most TCR reactions depend on the recruitment of endogenous downstream signaling proteins, such as zeta-chain-associated protein kinase 70 (ZAP70) \[[@pone.0198347.ref015]\]. As shown in [Fig 6A](#pone.0198347.g006){ref-type="fig"}, phosphorylation of ZAP70 was strongly induced in FOLR1-CAR T cells compared to mock T cells. This implies that FOLR1-CAR activation, like in the TCR reaction, is dependent on the catalytic activity of ZAP70. Phosphorylation of major factors for T cell activation associated with TCR signaling, including p-AKT, p-JNK, p-p38, and p-ERK, was measured by western blot analysis and was quantified by normalizing to the total proteins. Phosphorylation of AKT, JNK, p38, and ERK was significantly induced by KB cells in FOLR1-CAR T cells compared to in mock T cells. In addition, to investigate the mechanism of KB cell death by granzyme B of FOLR1-CAR T cells, we performed western blot analysis for apoptosis-related proteins in KB cells. Granzyme B, the secretory granules of cytotoxic T cells and NK cells, is a well-known serine protease. Once granzyme B is secreted into the target cells, it activates several pro-apoptotic proteins \[[@pone.0198347.ref016]\]. When KB cells were co-cultured with FOLR1-CAR T cells, cleaved PARP-1, caspase 3, caspase 8, and tBid were significantly increased in KB cells, but cleaved caspase 9, which is associated with the intrinsic apoptosis pathway, was not detected ([Fig 6B](#pone.0198347.g006){ref-type="fig"}). These data reveal that FOLR1-CAR activates T cell in a mechanism very similar to TCR reaction, and granzyme B, which is secreted by activated CAR T cells, induces apoptosis through the extrinsic pathway in target cells.

![Specific activity of FOLR1-CAR T cells via ZAP70 signaling pathway is similar to the TCR reaction and KB cell death is caused by granzyme B.\
To investigate FOLR1-CAR T cell activation and KB cell death signaling, mock or FOLR1-CAR T cells were co-cultured with KB cells at an E/T ratio of 10:1 for 4 h. (A) ZAP70, AKT, JNK, p38, and ERK associated with TCR signaling were measured by western blot analysis in mock or FOLR1-CAR T cells when incubated alone or with KB cells. The graphs presented ratio of phosphorylation by quantification of the western blot bands from three independent experiments. The data are represented as the mean ratio of densitometry values ± SD. Statistical analysis was performed using the two-sided unpaired t-test (\*P\<0.05, \*P\<0.01, and \*\*\*P\<0.001). (B) Pro-apoptotic proteins PARP, cleaved caspase 8, caspase 9, caspase 3, and tBid were measured in KB cells by western blot analysis. Experiments were repeated three times with similar results.](pone.0198347.g006){#pone.0198347.g006}

FOLR1-CAR T cells specifically respond to FOLR1-positive GC cells {#sec020}
-----------------------------------------------------------------

FOLR1-CAR T cells were co-cultured with GC cells and the specific activity of FOLR1-CAR T cells against FOLR1-positive or FOLR1-negative GC cells was measured at an E/T ratio of 10:1 for 4 h. The FOLR1-CAR T cells produced high levels of IFN-γ, TNF-α, GM-CSF, and granzyme B when they were co-cultured with FOLR1-positive GC cells (MKN1, MKN7, SNU484, and GCIY), whereas no significant elevation of cytokine levels was observed when the FOLR1-CAR T cells were co-cultured with FOLR1-negative GC cells (SNU216, SNU601, SNU638, and SNU668) compared to mock T cells ([Fig 7A](#pone.0198347.g007){ref-type="fig"}). In addition, we examined cytotoxicity of FOLR1-CAR T cells against GC cells using a luciferase assay. The cytotoxic effects of FOLR1-CAR T cells against FOLR1-positive GC cells were significantly higher than the mock T cells ([Fig 7B](#pone.0198347.g007){ref-type="fig"}). However, FOLR1-CAR T cells did not induce cell death compared to mock T cells in FOLR1-negative GC cells ([Fig 7C](#pone.0198347.g007){ref-type="fig"}). Furthermore, western blot analysis was performed on apoptosis-related proteins in GC cells. Similar to [Fig 6B](#pone.0198347.g006){ref-type="fig"}, pro-apoptotic proteins were clearly increased when co-cultured with FOLR1-CAR T cells in FOLR1-positive GC cells, but FOLR1-negative GC cells showed no difference when co-cultured with mock or FOLR1-CAR T cells ([Fig 8](#pone.0198347.g008){ref-type="fig"}). Additionally, cleaved caspase 9 was not detected in either condition. These data indicate that FOLR1-CAR T cells specifically react with FOLR1-positive GC cells and induce apoptosis in GC cells.

![Specific response of FOLR1-CAR T cells against FOLR1-positive GC cells.\
T cells were co-cultured with FOLR1-positive GC cells (MKN1, MKN7, SNU484, and GCIY) or FOLR1-negative GC cells (SNU216, SNU601, SNU638, and SNU668) at an E/T ratio of 10:1 for 4 h. (A) The cytokine levels, including IFN-r, TNF-a, GM-CSF, and granzyme B were evaluated by ELISA. (B-C) The specific cytotoxicity of FOLR1-CAR T cells against FOLR1-positive GC cells (B) or FOLR1-negative GC cells (C) were measured by luciferase assay. Experiments were repeated three times with similar results. The data are represented as the mean cytokine concentrations ± SD (pg/ml) and rate of lysis ± SD (%) from triplicate cultures. Statistical analysis was performed using the two-sided unpaired t-test and data were compared with mock T cells. (\*\*\*P\<0.001).](pone.0198347.g007){#pone.0198347.g007}

![Analysis of pro-apoptotic proteins in GC cells co-cultured with T cells.\
T cells were co-cultured with FOLR1-positive GC cells (MKN1, MKN7, SNU484, and GCIY) or FOLR1-negative GC cells (SNU216, SNU601, SNU638, and SNU668) at an E/T ratio of 10:1 for 4 h. Pro-apoptotic proteins PARP, cleaved caspase 8, caspase 9, caspase 3, and tBid in FOLR1-positive or -negative GC cells were measured by western blot analysis. Experiments were repeated three times with similar results.](pone.0198347.g008){#pone.0198347.g008}

FOLR1-CAR KHYG-1 cells have antitumor activity against FOLR1-positive MKN1 cells *in vivo* {#sec021}
------------------------------------------------------------------------------------------

One of the FOLR1-positive GC cell lines, MKN1 cells, is a well-established xenograft model of GC for therapeutic studies. To determine the antitumor ability of FOLR1-CAR NK cells *in vivo*, MKN1 cells were subcutaneously injected into in NOD-SCID IL2R γ null (NSG) mice. When the tumor size reached approximately 100 mm^3^ after inoculation, the mice were divided into two groups and treated with mock or FOLR1-CAR KHYG-1 cells twice on day 0 and 7. The body weight and tumor size of the mice were measured at intervals of 2 to 4 days for 25 days after initial treatment. During the treatment period, there was no significant difference in weight change between mice treated with mock KHYG-1 (19.74 ± 2.85 g) and FOLR1-CAR KHYG-1 cells (19.01 ± 1.32 g) groups on day 25 ([Fig 9A](#pone.0198347.g009){ref-type="fig"}). Additionally, there was no change in the weight of mice treated with mock and FOLR1-CAR KHYG-1 cells on day 25 compared to day 0 (20.88 ± 1.12 g). Compared with mock KHYG-1 cells, tumor growth was significantly reduced by FOLR1-CAR KHYG-1 cells at day 15 ([Fig 9B](#pone.0198347.g009){ref-type="fig"}). On day 25, the sizes of tumors treated with mock or FOLR1-CAR KHYG-1 cells groups were 338.94 ± 73.16 mm^3^ and 188.85 ± 53.10 mm^3^, respectively.

![Antitumor efficacy of FOLR1-CAR KHYG cells against xenografts derived from FOLR1-positive MKN1 cells in mice.\
Ten NOD-SCID IL2R γ null (NSG) mice were subcutaneously implanted with MKN1 cells for approximately 14 days until tumor volume reached approximately 100 mm^3^ and then randomly divided into two groups (n = 5). The mice were injected intratumorally with either mock or FOLR1-CAR KHYG-1 cells on days 0 and 7. Body weight (A) and tumor size (B) were measured simultaneously at intervals of 2 to 4 days. Line graphs represented an individual animal. Experiments were repeated two times with similar results. The data are represented as the mean body weight ± SD (g) and the mean tumor size ± SD (mm^3^). Statistical analysis was performed using the two-sided unpaired t-test (\*P\<0.05).](pone.0198347.g009){#pone.0198347.g009}

Discussion {#sec022}
==========

Although there have been many studies on CAR T cells immunotherapy, there have been few studies using CAR T cells to target GC cells. To our knowledge, this is the first study showing that FOLR1-CAR cells have specific and effective cytotoxic effects against FOLR1-positive GC cells. GC is associated with poor clinical outcomes and a high mortality rate, which has been difficult to improve. Several markers of GC cells have been discovered and examined in preclinical studies. Current clinical trials involving CAR T cell therapy in GC patients are targeting HER2, CEA, Mucin-1, and epithelial cell adhesion molecule (EpCAM) \[[@pone.0198347.ref017]\]. They are widely and highly expressed in various cancers, including GC, and are rarely expressed on the surface of normal tissues. Such properties make these proteins ideal targets for CAR T cell therapy. Several preclinical studies were performed with CAR T cells targeting HER2, CEA, Mucin-1, and EpCAM, and results showed significant antitumor activity against GC cells expressing the target \[[@pone.0198347.ref018]--[@pone.0198347.ref021]\].

FOLR1 has been used extensively as a key target in immunotherapy against various solid tumors since it is reported to be overexpressed in tumors. On the other hand, the distribution of FOLR1 in normal human tissues is restricted to low-level expression. FOLR1 has a high affinity for folic acid and is thought to initiate intracellular regulatory signaling upon binding with folate. FOLR1 that is bound to folic acid was shown to be internalized, entered the nucleus, and acted as a transcription factor \[[@pone.0198347.ref022]\]. FOLR1 knockdowns in ovarian cancer cells inhibited folate-mediated cellular proliferation and suppressed an invasive phenotype \[[@pone.0198347.ref023]\].

A variety of FOLR1 targeting approaches, including folate-drug conjugates, monoclonal antibodies, and T cell therapies, have been developed for the treatment of cancer \[[@pone.0198347.ref024]\]. Vintafolide, a conjugate of folate and the drug desacetylvinblastine hydrazide, uses the self-immolative disulfide-linker system and effectively penetrates into the cytoplasm of cancer cells through FOLR1 \[[@pone.0198347.ref025]\]. Farletuzumab, a monoclonal antibody targeting FOLR1, induces the death of cancer cells expressing FOLR1 by antibody-dependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), and inhibition of Lyn kinase substrate phosphorylation \[[@pone.0198347.ref026]--[@pone.0198347.ref028]\]. In addition, the first clinical study using FOLR1-CAR T cells in patients with ovarian cancer has shown that it has performed well in terms of safety and efficacy \[[@pone.0198347.ref013]\]. Therefore, FOLR1 is an attractive candidate for the targeted treatment of cancer and the FOLR1 targeting strategies can increase treatment success rates.

We constructed a CAR containing CD28 and CD3ζ signaling domains ([Fig 1A](#pone.0198347.g001){ref-type="fig"}). In most CAR studies, FcR γ or CD3ζ chain was used as the stimulatory domain and they have the immunoreceptor tyrosine-based activation motifs \[[@pone.0198347.ref029], [@pone.0198347.ref030]\]. Several studies demonstrated that CAR T cells equipped with CD3ζ, compared to FcR γ, had effective cytotoxicity against tumor cells \[[@pone.0198347.ref031], [@pone.0198347.ref032]\]. In addition, second-generation CAR has the additional co-stimulatory domains necessary to enhance CAR T cell activation and proliferation. Despite the presence of several alternative co-stimulatory domains, CD28 was the most effective in T cells and most of the modular designs used in clinical trials are based on the CD28 signaling domain \[[@pone.0198347.ref006], [@pone.0198347.ref033]\]. Several studies showed that CD28 in the CAR construct prolonged proliferation of grafted T cells and increased the secretion of IL-2, IFN-γ, and GM-CSF, independent of exogenous B7/CD28 co-stimulation \[[@pone.0198347.ref034]--[@pone.0198347.ref036]\].

The CD28-CD3ζ signaling domains of our FOLR1-CAR construct were effective in Jurkat, KHYG-1, and human T cells. Since Jurkat cells are a human immortalized cell line and well-characterized, it would be simpler and more reliable to confirm activation of our FOLR1-CAR construct than using PBMCs ([Fig 1](#pone.0198347.g001){ref-type="fig"}). Levels of IL-2 in Jurkat cells and IFN-γ, TNF-α, GM-CSF, and granzyme B in human T cells were increased when FOLR1-CAR cells were co-cultured with FOLR1-positive GC cells (Figs [2C](#pone.0198347.g002){ref-type="fig"} and [7A](#pone.0198347.g007){ref-type="fig"}). In addition, the cytotoxic effects of FOLR1-CAR KHYG-1 and FOLR1-CAR T cells were specific for FOLR1-positive GC cells (Figs [3D](#pone.0198347.g003){ref-type="fig"} and [7B](#pone.0198347.g007){ref-type="fig"}). These results showed that the FOLR1-CAR construct specifically recognizes FOLR1 and the signal is successfully transmitted through the signaling pathway in the cells. In particular, cell signaling is transmitted from CD3ζ to ZAP70, with granzyme B playing an important role in cytotoxicity (Figs [5C](#pone.0198347.g005){ref-type="fig"} and [6A](#pone.0198347.g006){ref-type="fig"}). Xenograft assay also demonstrated that FOLR1-CAR KHYG-1 cells have specific cytotoxicity against FOLR1-positive GC cells ([Fig 9](#pone.0198347.g009){ref-type="fig"}). When T cells were co-cultured with KB cells, cell death was observed in mock T cells, though smaller than that in FOLR1-CAR T cells ([Fig 5B](#pone.0198347.g005){ref-type="fig"}). When mock T cells were co-cultured with KB cells, western blot analysis revealed that T cell signaling was increased compared to culture without KB cells ([Fig 6A](#pone.0198347.g006){ref-type="fig"}). In addition, Z-AAD-CMK reduced target cell apoptosis when mock T cells were co-cultured with KB cells ([Fig 5C](#pone.0198347.g005){ref-type="fig"}). These results suggest that TCR reactions occurred in mock T cells and secreted granzyme B to induce target cell apoptosis.

There are various GC cells that are inherently sensitive or insensitive to NK/T cell mediated lysis. FOLR1-positive GC cells (MKN1, MKN7, and GCIY) appeared to be sensitive to NK/T cell mediated lysis compared to the FOLR1-negative GC cells (SNU216, SNU601, and SNU668). Thus, we added SNU484, a FOLR1-positive cell line which is insensitive to NK cells, and SNU638, a FOLR1-negative cell line which is sensitive to NK cells. As shown in Figs [3D, 3E](#pone.0198347.g003){ref-type="fig"}, [7B and 7C](#pone.0198347.g007){ref-type="fig"}, although there was a difference in mock KHYG-1/T cell mediated lysis percentage, cell lysis in FOLR1-CAR KHYG-1/T cells was significantly increased in insensitive SNU484, but not in sensitive SNU638. Therefore, our conclusion is that FOLR1-CAR promote the apoptosis of FOLR1-positive cells.

To evaluate CAR targeting cytotoxic effects, many studies have used NK cell lines, including NK-92, NKG, YT, NK-YS, HANK-1, YTS cells, and NKL cells \[[@pone.0198347.ref037]\]. The NK cell lines are well-defined and do not require the isolation of NK cells from donors. The NK-92 cell line is the most commonly studied NK cell line and is currently being used in clinical trials \[[@pone.0198347.ref038]\]. We used the NK cell line KHYG-1 to investigate the cytotoxic effects of CAR because it has several advantages over other NK cell lines. Since the growth rate of KHYG-1 cells is faster than that of other cells, the number of cells required for the experiment can be obtained easily. Doubling times of KHYG-1, NK-92, and YT cells are about 16--18 h, 40--50 h, and 50--60 h, respectively \[[@pone.0198347.ref039], [@pone.0198347.ref040]\]. Several studies recommend that NK-92 cells need to be cultured in special media such as MyeloCult because NK-92 cells grow slowly in RPMI-1640 \[[@pone.0198347.ref041], [@pone.0198347.ref042]\]. Contrary to NK-92 cells, KHYG-1 cells can be grown at a low cost since RPMI-1640 can be used. In addition, the lytic activity of KHYG-1 cells is as effective as that of NK-92 and YT cells against target cells \[[@pone.0198347.ref043], [@pone.0198347.ref044]\]. Given these advantages, KHYG-1 cells are suitable for evaluating the cytotoxicity of CAR.

GC is one of the most difficult malignancies to treat, and targeted therapies for GC are constantly being developed. Several studies have shown that FOLR1 is a good target for various cancers \[[@pone.0198347.ref024]\]. We showed that FOLR1-CAR T cells exhibited specific recognition and effective anticancer activity against FOLR1-positive GC cells. Therefore, our results suggest that our FOLR1-CAR T cells are an excellent option for treating in patients who have FOLR1-positive GC cells.

Supporting information {#sec023}
======================

###### Specific activity of FOLR1-CAR KHYG-1 cells.

KB cells staining with 10 μM of Calcein-AM for 30 minutes. KB cells were co-cultured with mock KHYG-1 cells (A) or FOLR1-CAR KHYG-1 cells (B) at E/T ratio of 10:1. The pictures were taken every 2 hours.

(TIF)

###### 

Click here for additional data file.

###### Specific activity of FOLR1-CAR T cells.

KB cells staining with 10 μM of Calcein-AM for 30 minutes. KB cells were co-cultured with mock T cells (A) or FOLR1-CAR T cells (B) at E/T ratio of 10:1. The pictures were taken every 2 hours.

(TIF)

###### 

Click here for additional data file.

###### Antibody information.

(DOCX)

###### 

Click here for additional data file.
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CAR

:   chimeric antigen receptor

CEA

:   carcinoembryonic antigen

EGFR

:   epidermal growth factor receptor

ELISA

:   enzyme-linked immunosorbent assay

EpCAM

:   epithelial cell adhesion molecule

FACS

:   fluorescence-activated cell sorting

FOLR1

:   folate receptor 1

GC

:   gastric cancer

GM-CSF

:   granulocyte-macrophage colony-stimulating factor

HER2

:   human epidermal growth factor receptor 2

IFN-γ

:   interferon- γ

IL-2

:   interleukin-2

KB cell line

:   a subline of the ubiquitous keratin forming tumor cell line HeLa

MHC

:   major histocompatibility complex

MSLN

:   mesothelin

NK

:   natural killer

PBMC

:   peripheral blood mononuclear cells

scFv

:   single-chain variable fragment

TCR

:   T cell receptor

TNF-α

:   tumor necrosis factor- α

ZAP70

:   zeta-chain-associated protein kinase 70
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